A sensible packed bed thermal energy storage system is numerically investigated in this study. The packed bed porous system has air as heat transfer fluid and solid spheres as thermal storage material. Steel, cordierite and rock spheres are used as solid part of porous medium. These materials are convenient for thermal energy storage at high temperature. The governing equations are solved by using the commercial ANSYS fluent software. The local thermal non-equilibrium model (LTNE) is used for heat transfer in the porous medium. The problem is analyzed in transient time. The fluid thermo-physical properties are temperature dependent, the solid's properties assumed as constant. The results showed that the kind of material, the porosity of the packed bed, and the mass flow rate effect on the thermal energy storage and the storage time.
INTRODUCTION
Thermal energy is stored as sensible heat, latent heat or chemical energy in thermal energy storage systems (TES). Energy is stored or extracted by heating or cooling a liquid or a solid without phase changing in a sensible heat storage system. A sensible packed bed thermal energy storage sysytem consists of porous media as packed solid material and fluid in voids. The type of porous medium and porosity are important for packed bed thermal storage systems. One of the heat storage materials is alumina which has high heat capacity and stability at high temperatures. A packed bed heat storage system with alumina is used by [1] and the governing equations are solved with thermal equilibrium model in porous medium.
A packed bed system which includes steel spheres as solid phase of porous medium is analyzed by numerically in [2] , here it is used the thermal non-equilibrium model. The packed bed with cordierite spheres and ceramic foam are compared in terms of the charging and discharging cycles in [3] . Rock is also high-temperature thermal storage material which is used in packed bed systems. Packed bed with rocks is investigated numerically and experimentally in [5] . A packed bed thermal storage system with rock is investigated numerically in [6] and then they validated their results experimentally with a packed bed of crushed steatite.
In this study, a packed bed thermal storage system is analyzed by using the commercial ANSYS fluent software . The system has solid spheres and air, the solid spheres are selected as steel, cordierite and rock for the same geometry and conditions. The thermal non-equilibrium model is used and the analysis is achieved in transient time. The effects of kind of material, mass flow rate and porosity are investigated and the results are given in graphics and tables comparatively.
MATHEMATICAL MODEL AND EQUATIONS

Mathematical model
The packed bed storage system geometry considered in the investigation is a 2D axisymmetric cylindrical tank whose diameter is 0.60 m and height is 1.0 m. Packed bed configuration with sphere is considered for porous media. Rock, steel and cordierite are used as solid storage material and air as heat transfer fluid. This storage system operates at atmospheric pressure (P= 0.1 MPa). As shown in Fig.1 , pressure has a strong effect on the air density, and a minor effect on the heat capacity. In addition, it has no effect on the thermal conductivity and the dynamic viscosity of dry air. As a result, according to working conditions of storage system for fluid thermophysical properties as a function of temperature were represented respectively with Eq. (1) from [7] , Eq. (2) from [9] and Eq. (3) from [8] while solid thermophysical properties are assumed constant [2] . Because, it is hard to find appropriate correlation for solid material. The geometry and thermophysical properties of solid materials are given in Fig.  2 and Table 1 , respectively. In this study first charging cycle of thermal energy storage system is examined. In the charging case air enters the system at 1473 K and the initial temperature of packed bed TES system is equal 1073 K. Heat loses with the external environment is neglected.
Numerical simulations are carried out two different mass flow rate and three porosity values and three different solid materials. Results are given in terms of stored thermal energy as a function of time. The stored thermal energy is evaluated using following equations as given in [2] .
where = 0.283 3 and = 1073
Governing equations
Brinkman-Forchheimer-extended Darcy model is used for momentum equation and the porous medium is assumed to be in local thermal non-equilibrium with the fluid. In addition, it is assumed that the fluid is incompressible and the flow is unsteady. Heat transfer by radiation and heat losses to the surrounding are neglected. The flow is fully developed in the channel. The governing equations for mass, momentum and energy are, [1] [2] [3] :
S282 22 2 22
The permeability K and inertia coefficient C of porous media for packed bed configuration are based on two relations [ Coefficients were calculated using the permeability values given in the reference [2] .
NUMERICAL PROCEDURE
The results from numerical simulations have been obtained using the commercial ANSYS fluent software. A 2Daxialsymmetric option is enabled to simulate the storage system. The geometry of high temperature sensible heat storage system is cylindrical. While the fluid thermo-physical properties are temperature dependent, the solid's properties assumed as constant. The governing equations are solved for incompressible laminar flow and fully developed forced convection in transient regime. Because of solid and fluid phases have significantly different heat capacities and thermal conductivities, the local thermal non-equilibrium model (LTNE) is used to model heat transfer in the porous medium.
For thermal energy storage system, with packed bed configuration, mass flow inlet boundary conditions are used at inlet section. Outflow boundary conditions are used at the outlet section to obtain fully developed flow and no-slip boundary conditions are used for wall. While walls considered adiabatic, inlet section temperature is assigned 1473 K. The initial temperature of solid zone and fluid is assumed to be equal to 1073K.
The SIMPLE algorithm is used to couple pressure and velocity. The convergence criteria of 10 -3 for the residual of continuity equation and velocity component and 10 -6 for the residuals of the energy. A second order upwind scheme is used for spatial discretization of the convective fluxes as well as the transient one with a first-order implicit formulation. Presto is selected as pressure interpolation scheme.
A grid dependence analysis is accomplished for = 0.4 / 2 , = 1473 , = 0.6 . Five meshes are considered: 20x60, 40x120, 80x240, 160x480, and 320x960. Volumetric fluid average temperature is monitored. Among results the mesh 160x480 is used. For time step the Courant-Friadrichs -Lewy (CFL) number provides a guide for choosing a time step in an implicit solution. This is a minimum requirement for explicit solution, but it can be restrictive because it causes too time step as the mesh size decreases. Since the implicit solution is steady for all time step, this condition can be relaxed to a converged solution instead. Also, dependence analysis was carried out for different time steps and 5 s time step was chosen.
RESULTS AND DISCUSSION
A comparison between the presented study and reference [2] is given for different porosities and two time of computational simulation for a packed bed with steel spheres and same geometry with [2] in Table 2 . As we can see from Table 2 , the obtained results best match with the results of reference [2] . Numerical solutions are carried out for 0.2 and 0.4 constant mass flow rate with 0.2, 0.4 and 0.6 porosity values. The charging phase is considered completed when the initial S283 temperature of the system becomes equal to inlet fluid temperature which is 1473 K. Results are presented in terms of stored energy profiles for steel, cordierite and rock spheres. Also, the trends show that the stored energy is higher for the lower porosity values because of thermal capacity increase as seen in Fig. 3 and 4 . Three different materials which are steel, cordierite and rock are compared as storage material. As seen in the Table 1 , they are different in respect to heat capacity, thermal conductivity and solid density. Among the materials, steel has the highest volumetric heat capacity while rock and cordierite have lower value. The most important property of the storage material is the volumetric heat capacity whereas the thermal conductivity of the solid only has a small effect on the stored energy. So, the maximum heat stored is achieved in the packed bed with steel spheres, the stored energy of cordierite and rock spheres are in close values as seen Fig.3  and 4 . For assigned porosity values in Fig.3 and 4 
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The effect of the mass flow rate is showed also in Fig. 5 according to the average solid temperature fields in 3600 s charge cycle for 0.6 porosity value and the packed bed with steel spheres. When the mass flow increases the stored energy are not change, storage time decreases due to more efficient convective heat transfer between the fluid and solid matrix for same charge cycle as seen in Fig.5 . Figure 6 shows the effect of porosity values on the average solid temperature fields in 3600 s charge cycle for the packed bed with cordierite spheres and for 0.4 kg/m 2 s mass flow rate. When the porosity value increases the stored energy decreases in the packed bed at the same charge cycle. The stored energy values are given for the first six hours of simulation time in Table 3 and 4. For all storage material, after 3 hours, thermal energy stored reaches almost maximum value In Table 3 , increasing mass flow rate from 0.2 kg/m 2 s to 0.4 kg/m 2 s is no effect on the amount of stored energy while storage time decreases due to more efficient convective heat transfer between the fluid and solid matrix. Table 4 helpful to compare the stored energy for three studied porosity values, 0.2, 0. 
CONCLUSIONS
A numerical investigation on packed bed thermal energy storage system (TES) in the form of sensible heat was carried out. Storage system contains solid heat storage material and fluid. The numerical model was accomplished in local thermal non equilibrium model with transient regime. Numerical simulations were carried out for a cylindrical tank in a single charge cycle. The difference is defined by the different type of storage material, mass flow rate and porosity values. Results were given in terms of stored thermal energy in porous medium as a function of time. Results showed that, for the considered parameter values, steady-state case was obtained after three hours for all considered porosity values and mass flow rates. In addition, the charging time decrease increasing the mass flow rate while the opposite is validate for porosity. Among the materials, steel was the highest energy-storing material due to high volumetric heat capacity whereas cordierite and rock has nearly same and lower energy stored value in according to steel.
